New valence electron photoelectron spectra of iodobenzene obtained using synchrotron radiation have been recorded. Ionization energies (IE) determined using multiconfiguration SCF calculations (MCSCF) procedures confirmed the adiabatic IE order as: 
observed spectra, characteristic bandwidths are required. The increase in the required bandwidths for the A 2 A 2 and B 2 B 2 states is attributed to internal conversion to lower-lying states. The presence of relatively high intensity sequence bands, leads to asymmetry of each of the X 2 B 1 state bands.
INTRODUCTION
In this paper, we present new high-resolution, synchrotron-excited photoelectron spectra (PES) and, in the accompanying paper (AP), 1 1-photon, vacuum ultraviolet (VUV) absorption spectra of iodobenzene (PhI), both at room temperature.
In several respects, the spectra of PhI are the most complex of the monohalobenzenes (C 6 H 5 I, C 6 H 5 Br, C 6 H 5 Cl, and C6H5F, "the series," PhX), and are difficult to interpret in isolation. We will be presenting similar studies of the lower members of the PhX series later, where we will also present (2 + 1) and (3 + 1) resonance enhanced multiphoton ionization (REMPI) spectra of jet-cooled samples. The present analyses of the PES (and VUV spectra) are supported by ab initio configuration interaction (CI) and time dependent density functional (TDDFT)
calculations of vertical and adiabatic ionization (and excitation) energies. The Franck-Condon (FC) vibrational profiles of both hot and cold bands of these ionized (and excited states) are analyzed in detail for the first time.
We will begin Sec. III by giving an overview of the PES and VUV spectra of all four molecules which, as well as being of interest in themselves and demonstrating trends in ionization energy (IE) with halogen, will provide a model for the subsequent papers. PES are important for identification of Rydberg states in the VUV absorption spectrum, since the potentials experienced in the ionic (PES) and Rydberg state (VUV) formation, particularly for high-n states, are similar and this leads to similar vibrational profiles in the two types of spectra. [2] [3] [4] [5] [6] [7] [8] Therefore, in the analysis of the absorption spectra in the AP, 1 we use the vibronic structure observed in the PES as a fingerprint to identify the ionic core of the observed Rydberg state or series. Hence, it is essential to have a detailed knowledge of the PES themselves. The current VUV energy range goes up to 11 eV approximately and in this range for PhI, all the first four ionic state band systems are relevant; these have relatively similar intensities in the PES but in addition, three of the IE clearly overlap, leading to potential overlap of the Rydberg state profiles, as is discussed in the AP. 1 Consequently, in the VUV spectra, the Rydberg series converging on these ionization limits also overlap making assignment of the spectra more difficult.
The value of the first ionization energy, IE1, for PhI has been obtained using various techniques. [9] [10] [11] [12] The most accurate value of 70 638 ± 5 cm −1 (8.7580(7) eV)was obtained from the 1-photon VUV laser-excited mass analyzed threshold ionization (MATI) spectrum, 12 while the most accurate HeI-excited PES value reported was 70 605 cm −1 (8.754 eV). 11 The higher states of the ion, together with those of PhCl and PhBr, have been studied in detail by Holland et al. 11, 13, 14 using synchrotron-and HeI-excited PES. In the present program of studies, we have re-recorded the synchrotron-excited spectra with extra sensitivity and resolution and have recorded a high-resolution spectrum of PhF for the first time. Although our interpretations are broadly in agreement with those reported, 11, 13, 14 our calculations of the relevant Franck-Condon factors (FCF) show that the spectra are more complex than previously suggested, with many of the observed peaks having more than one component band, on both leading and trailing energy sides. The calculated FCFs for the ground state of the ion will also be compared with the intensities of the bands in thematic spectrum. 12 Overall, we aim to give a more global view of the PES, particularly in terms of the vibrational structure, identifying trends in the spectra as the mass of the halogen changes.
In the PES discussion below, our units for the overview spectrum and for electronic origins are electron volts (eV), which enables more easy comparison with previous work; but when discussing individual PES bands and vibrational frequencies, we use units of cm −1 , since these are more closely aligned with the VUV studies of Rydberg states. The vibrational modes, numbered according to the Mulliken convention, are shown in Table I . For the PhX series, modes 1-11 have a1 symmetry and are numbered in descending order of frequencies; only these modes are observed as cold bands in the PES.
II. EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

A. Experimental
ThePES for PhI (CAS Registry Number 591-50-4, Sigma-Aldrich) were measured at the gas phase photoemission beamline 16 at the Elettra synchrotron radiation laboratory in Trieste,
Italy. Undulator radiation in the photon range of 14-900 eV was monochromatized by a spherical grating monochromator, equipped with a planar pre-mirror and five interchangeable gratings. Electron spectra were measured using the original SES-200 electron analyzer, 17 mounted at the magic angle (54.7
• ) with respect to the electric vector of the linearly polarized incident light.With the use of this angle, angle-integrated electron spectra could be obtained.
Very high resolution data could be recorded by using the high pressure gas cell (SCIENTA™). In particular, for data acquired with a photon energy of 30 eV over the binding energy range 8.1-12.0 eV (step 1 meV), the overall experimental energy resolution was ~8 meV. The energy scale of the PES has been calibrated using the sample gases lines: Ar 3p, Xe 5p, and Xe 4d. [18] [19] [20] In this way, we also checked the linearity of the kinetic energy scale of the electron analyzer. Intensities between PES bands are not relevant here, but internal differences are important for Rydberg state analysis. Therefore, the PES have not been corrected for the response function of the detector.
The low-energy region containing the four lowest IEs, IE1-4, which are relevant to the current VUV spectral analysis is shown in Fig. 1 . The IEs were measured by fitting to sets of Gaussian functions. A wide scan spectrum recorded for the range 8-32 eV was obtained using 95 eV photons with an overall experimental energy resolution of 25 meV; detailed discussion of this spectrum and its theoretical correlation is deferred to in the supplementary material (S1).
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The VUV absorption spectra were measured on the ASTRID2 storage ring at Aarhus University, Denmark, using the AU-UV beam line. Full details are given in the AP. 
B. Computational methods
The C 2v , PhI molecule lies in the yz-plane, with the C 2 axis along the z-axis. The adiabatic excitation energies of several low-lying ionic (and singlet states), with their corresponding structures, were obtained using the multiconfiguration SCF calculations (MCSCF) stateaveraged (SA) method in MOLPRO, 22 as well as the unrestricted Hartree-Fock (UHF)
calculations of GAUSSIAN-09. 23 Our computation of vibronic spectra used the general approach proposed by Barone et al. [24] [25] [26] [27] and implemented in GAUSSIAN-09. 23 This method relies on the Born-Oppenheimer approximation (and on the Eckart conditions) and supports both the time-independent and time-dependent quantum mechanical approaches, and is described in more detail in Refs. symmetries, but all these modes could be easily projected to C 2v ones; vibrations affected are also highlighted in Table I .
C. Basis sets and CI study.
Here, we summarize the procedures and further details are given in the supplementary material (S2). 21 We found that the best spectral interpretation was obtained using triple-ζ valence shell (TZV) with polarization (P) bases, and specifically Sadlej 32 p-VTZ I atom basis set ([11s8p6d2f] contracted functions) in combination with the C and H atom bases TZVP 33 and aug-cc-pVTZ. 34 In addition, to generate anharmonic corrections to frequencies and intensities, we used the double-ζ SNSD basis set 35 in conjunction with the B3LYP functional, previously successful for a series of halogenated organic compounds. 36 In the CI methods, 29 core orbitals (15a 1 + 5b 1 + 7b 2 + 2a 2 ) are omitted; the full valence shell occupied orbitals (8a 1 + 3b 1 + 6b2 + 1a 2 ) were used, together with up to 120 virtual MOs (VMOs). Valence shell numbering is generally used for ionic states, in order to facilitate comparisons with the lower PhX series; however, all-electron numbering is occasionally used to facilitate comparison with the ground state numbering and some earlier published work.
Variations in state structural details are discussed in the supplementary material (S3), 21 but the structures of states of particular importance to the PES study are discussed below.
III. RESULTS
A. Overall aspects
Overviews of the PES spectra of the four PhX molecules are shown in Fig. 2 . In all cases, the states, respectively, which largely result from the removal of lone pair electrons on the It is the peak intensity of the band that is diminished and this is a result of the increased width of the features. This effect carries over to the VUV absorption spectra, where Rydberg states with a B state ionic core stand out in the spectra of PhCl and PhBr but are barely observable in the spectrum of PhI. This is demonstrated for the 3s Rydberg states, [3] 3s, highlighted in Fig.   4 , where [3] indicates a Rydberg state with a third lowest, B ionization limit; this is discussed further in the AP. 1 In this situation, the bands converging to the B state are very broad; it is their lower peak intensity that makes them difficult to observe and not their inherent weakness. 
B. The equilibrium structures of the ionized states of PhI
C. A comparison of the PES data with the theoretical study
We have used the Tamm-Dancoff approximation (TDA) procedure to determine the higher PES ionic state symmetry sequence for PhI and the relative intensity profile; a comparison with previous results is given in the supplementary material (S1). 21 The experimental adiabatic ionization energies IE 1 to IE 4 together with those calculated using UB3LYP and MCSCF and vertical IEs calculated using the Green's Function (GF) (for the outer valence shell ionization) are shown in Table II .
Although the symmetry sequence of IEs calculated by the MCSCF and UB3LYP is the same, the UHF energy differences between adjacent IEs are in closer agreement with experiment. 
D. Vibrational analysis of the PES spectrum
The PES of the ionic states relevant to the Rydberg states seen in the VUV absorption spectrum, (IE 1-4 ), are comparable with those recorded earlier with HeI (21.2 eV) irradiation, 11 but show much higher counts in the new data. In addition, although the resolution of the spectrometers used in the current and previous studies 11 are both nominally ~8 meV, it appears that the present spectra are slightly more resolved as can be seen from a comparison of the C 2 B 1 bands in the two PES. The measured peak positions, their separations from the electronic origins, and their assignments based on the FCF calculations are shown in Table III. A table of the calculated frequencies of the vibrations in the ionic states principally observed in the PES, together with calculated transition intensities, is given in the supplementary material (S4). but that there is a minor contribution from one quantum of ν 9 (1004 cm −1 ).
Similarly, it is calculated that one quantum of ν 4 (1596 cm −1 ) makes a contribution to the peak previously labelled 7 1 11 2 .
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The simulation of the total X2B1 band obtained by convoluting the full stick spectrum, including hot bands, (shown in Fig. 5(a) ) with a full-width half-maximum (FWHM) bandwidth, which we will abbreviate to bandwidth for the remainder of this paper, of 150 cm −1 is shown in Fig. 5(b) . The simulation has been shifted in energy to superimpose the experimental spectrum. The simulation is a good reproduction of the experimental spectrum in two respects, namely, the number of vibrational modes that give rise to bands with appreciable intensity and their frequencies. In addition, the relative intensities of the individual members of the ν 11 progressions are good. However, there is a trend for the ratio of the intensity of the simulation to that of the experimental spectrum to increase slightly as the total energy increases.
Each peak in the PES is notably asymmetric, having a tail to low energy as can be seen from an expansion of the origin band shown in Fig. 6 . This is due to the inclusion of numerous unresolved sequence bands in the observed envelope. Therefore, in order to carry out a rigorous simulation of the total PES, we have included all hot bands in our FCF calculations. . We will use this approach below to obtain a more accurate value for IE4 for which no MATI spectrum has been recorded.
The MATI spectrum is much cleaner than the PES because of the vibrational and rotational cooling of the sample by the molecular beam and the narrow line width of the excitation laser (~1 cm −1 ). It can be seen that the observed band intensities in the MATI spectrum are very similar to both the experimental PES and the calculated FCFs; this is to be expected as the MATI intensities are largely determined by FCFs. The MATI technique involves exciting long-lived (>10 µs) Rydberg states that lie a few wave numbers below the ionization limit and then ionizing them using a delayed pulsed electric field. Thus, any process that decreases the lifetime of these Rydberg states will decrease the detection efficiency, and hence the MATI intensities, and this may explain why the intensities of the higher vibronic bands in the MATI spectrum are smaller than in the calculated spectrum.
The MATI spectrum also provides more accurate a 1 vibrational frequencies that can be compared with our calculated values. In addition, many very weak bands, not observable in our spectrum, were assigned 12 to vibrations of different symmetries whose frequencies can also be compared with the calculated values; in almost all cases, the agreement is very good.
The data are presented in Table I .
The A 2 A 2 band
The A 2 A 2 band is shown in Fig. 7(b) . As in the equivalent band in the PES of the other three mono halobenzenes, the peaks are much broader than those of the X 2 B 1 state and only three of them, in addition to the electronic origin, can be identified (see Table III ). Our calculations indicate that five vibrational modes, ν 11 , ν 10 , ν 9 , ν 8 , and ν 4 , give rise to bands with significant intensity as shown in Fig. 7(a) .
Despite the increased number of intense cold bands that were calculated to have appreciable intensity, it was still necessary to increase the bandwidth to 300 cm −1 for the optimized simulation of the experimental spectrum shown in Fig. 7(b) .
We propose that the increase in bandwidth is due to very rapid IC from the A 2 A 2 state vibronic levels to the X 2 B 1 state. The nature of the IC will be discussed further in Sec. IV B.We note that the broadening cannot be attributed to predissociation, since the dissociation energy of the PhI cation (C 6 H 5 + + I) is much higher (11.2(1) eV; 90 334 cm −1 ). 37 As was the case for the X 2 B 1 state, the simulation appears to be a reasonable reproduction of the experimental spectrum in terms of the number of vibrational modes that give rise to bands with appreciable intensity and their frequencies. However, there is a greater increase in the ratio of the intensity of the simulation to that of the experimental spectrum as the total energy increases. 2, where the B 2 B 2 state is well separated from both of the other two states. In contrast to the two lower states, there is a trend for the ratio of the intensity of the simulation to that of the experimental spectrum to decrease as the total energy increases. The MATI spectrum 12 of the B2B2 state origin of PhI is a very weak, broad band as shown in Fig. 8(b) . This was described as structureless by the authors 12 and although there may be a suggestion of vibronic structure,
we do not feel that we can make this assumption. Thus, it appears that both the MATI and 
The C 2 B 1 band
This band is shown in Fig. 9(b) . The stick spectrum in Fig. 9(a) shows that the spectrum consists of ν 11 progressions built on the electronic origin, 10 value is the same as the maximum of the experimental peak, i.e., the peak is effectively symmetrical, as shown in the inset in Fig. 9(a) .
IV. DISCUSSION
A. Previous simulations of PES
We believe that the present PES simulations are the most extensive ones reported thus far with respect to the size of the molecule and the inclusion of sequence bands. Previously, the largest cations studied were derived from furan, C 5 H 4 O, 38 and methyl formate, C 2 H 4 O 2 , 39 while Huang et al., 40 included some fundamental hot bands, but not sequence bands, in their study of thiocarbonyl fluoride, F2CS. Most previous attempts to simulate PES have concentrated on the ground ionic state band and, as in the present study, the profile of this band could be accurately simulated.
The study of methyl formate by Nunes et al. 39 had only limited success in simulating the profile of the first excited ionic state. Even though their simulation included a dense manifold of vibronic levels, convolution with the same bandwidth, as was successfully used for the ground state, still produced a structured profile, which contrasts to the experimental spectrum where no structure was observed. As is the case in PhI, the first excited state overlaps the ground state and therefore, the bands of the former are probably broadened by IC; hence, different bandwidths would be required for successful simulations of the two states.
B. Bandwidths in the PES
We have shown that our simulations provide accurate reproductions of the experimental PES in terms of the number of vibrational modes that give rise to bands with appreciable intensity and their frequencies. However, we found it necessary to use different bandwidths in our simulations; 150, 300, 400, and 190 cm−1 for the X2B1, A2A2, B2B2, and C2B1 states, respectively. Kwon et al. 12 observed the same bandwidth, 400 cm−1, for the origin band of the B2B2 state of PhI in their MATI spectrum and equated it to a lifetime of <10−13 s, where the lifetime refers to the time that the ion remains in its initially populated level before transfer to a dense manifold of levels of a lower state.
We attribute any increase in bandwidth relative to that of theX 2 B 1 state to vibronic coupling between an upper state with one or more lower-lying states, using the model described by Baldea et al. 41, 42 in an ab initio study on the five lowest ionic states of PhF. They showed that, states, respectively. We will reserve a detailed description of their vibronic coupling studies until a later paper 43 on PhF in which we will also present a high-resolution PES for the first time. Crucially, for the current study, Baldea et al. 41, 42 proposed that, as a result of vibronic coupling, excitation of an upper state potential above a conical intersection between it and that of a lower state is followed by rapid transfer to the lower surface on the fs timescale.
However, they concluded that the transition is not complete and that oscillations of the populations will be observed and reflect wavepacket motions along several modes of the upper state, resulting in some vibrational structure.
Although we do not directly include vibronic coupling in our simulations, the fact that we have to use different optimized bandwidths for the simulations of different states shows that we are going some way to account for its effect, at least on a semi-empirical basis.
Presumably, the different bandwidths required are a consequence of the states having different lifetimes.
Furthermore, the fact that some vibrational structure is observed in, for example, theA 2 A 2 band is in line with the weak re-occurrences that Baldea et al. 41, 42 predicted in their dynamic simulations on PhF. It is likely that the lifetime of a particular state that is vibronically coupled will decrease with increasing energy and hence, a simulation should ideally include a bandwidth that increases correspondingly. Since we only use a fixed bandwidth for any state, this may explain the increased discrepancy, as energy increases (highlighted above), between the intensities of the simulation and the observed spectrum of a coupled state.
The bandwidth used in the simulation of the C 2 B 1 state (190 cm −1 ) is slightly larger than was used for the X 2 B 1 state (150 cm −1 ) implying that the former is coupled, albeit weakly, to one or more lower states. Baldea et al. 41, 42 proposed that an analogous coupling between the X2B1 and B2B2 states in PhF results in transfer from the upper to the lower state via a conical intersection that occurs in a high-energy region of the former, but at a slower rate than for the transfer between the A 2 A 2 and X 2 B 1 states, that are more strongly coupled, via a conical intersection that is much nearer to their potential minima.
The early phase of PES was primarily directed at arriving at an interpretation of the symmetry sequence of ionic states rather than detailed description of the vibronic manifold. IC is probably widespread in polyatomic ions and is becoming more evident as the resolution of photoelectron spectrometers improves and natural broadening of bands can be distinguished from experimental broadening. Simulations of the type described above also help to distinguish between the two types of broadening. For example, we will show in subsequent papers that IC from the A 2 A 2 to the X 2 B 1 state also occurs in the other three monohalobenzenes (see also Fig. 2 ).
C. Lifetimes of ionic and Rydberg states
below the ionization limit are crucial to the ability to observeMATI spectra of the ionic state, 
V. Conclusions
The availability of new VUV spectra of the series PhX, includingX = I, which have not been analyzed for the presence of Rydberg states, necessitated a new photoelectron study, which includes vibrational analysis by theoretical means; this PES study of the first four ionic states obtained using synchrotron radiation forms the basis for the current paper. Adiabatic IEs determined using MCSCF procedures confirmed the energy order as: The present PES simulations are the most extensive ones reported thus far with respect to the size of the molecule and the inclusion of sequence bands. At this point in time, our calculations do not offer a detailed interpretation of the bandwidths used above for the simulation of the conventional PES; the "best fits" using the values for the bandwidths are purely empirical and pragmatic, since we cannot offer a detailed explanation.
However, we believe the approach used here is of general applicability to other systems and other spectral methods, since the application to MATI spectra is included very successfully.
We hope to produce further explanation of the bandwidths following study of other members of the PhX series which will include new and established REMPI data. 
